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The CyIIa gene of the sea urchin embryo is a model for study of cis-regulation downstream of cell-type specification, as
yIIa transcription follows the specification and initial differentiation of the embryonic domains in which it is expressed.
hese are the skeletogenic and secondary mesenchyme and gut. We carried out a detailed structural and functional analysis
f a cis-regulatory region of this gene, extending 780 bp upstream and 125 bp downstream of the transcription start site, that
ad been shown earlier to reproduce faithfully the complex and dynamic CyIIa pattern of expression. This analysis revealed
hat the overall pattern of expression of the CyIIa gene appears to be governed mainly by two independent sets of DNA
lements, which are target sites for specific proteins present in blastula-stage nuclear extract. One type of element, which
ontrols a dynamic program of expression in both skeletogenic and secondary mesenchyme cells, contains the consensus-
inding site for a member of the ets transcription factor family. The other, which is responsible for the terminal or
ermanent phase of CyIIa expression in the gut, shares homologies with the late module of the endoderm-specific Endo16
ene (endo16 Module B). Oligonucleotides containing replicas of these two target sites fused upstream of a sea urchin basal
romoter are sufficient to confer accurate mesenchyme and late gut expression of an injected GFP construct. The finding
f a single protein target site that recapitulates CyIIa expression in both primary and secondary mesenchyme cells suggests
he existence of a pan-mesodermal gene expression program in the sea urchin embryo. © 2001 Academic Press
Key Words: gene regulation; sea urchin embryo; CyIIa; mesenchyme cells regulator; ets.INTRODUCTION
The Strongylocentrotus purpuratus cytoskeletal actin
gene CyIIa is transcribed during development in a variety of
different cell types, belonging to several territories, but
always following embryonic specification (Lee et al., 1986;
Cox et al., 1986; Miller et al., 1996; Arnone et al., 1998).
Briefly, the pattern of expression through developmental
time is as follows. At blastula stage, CyIIa is transiently
expressed in ingressing primary mesenchyme cells (PMC).
During early gastrulation, the gene is expressed in some
cells at the tip of the invaginating archenteron, confined to
the oral side. As gastrulation proceeds, expression is ob-
served in delaminating secondary mesenchyme cells (SMC)
and in skeletogenic cells, which restore CyIIa gene activity
during their climax phase of spicule secretion. In prism-
stage embryos, CyIIa expression extends to the coelomic
pouches and the circumblastopore region. At pluteus stage,
1 To whom correspondence should be addressed. Fax: 139-081-
7641355. E-mail: miarnone@alpha.szn.it.
46expression is extinguished in all mesenchymal cells, but
the gene is active in midgut and hindgut, which are the final
and permanent domains of CyIIa expression. Particularly
noticeable in this dynamic pattern of expression is the
transient activation of this gene in both skeletogenic and
secondary mesenchyme cell types, apparently correlated
with morphogenetic events that require cell movement.
CyIIa is activated during the phase of active filopodial
extension of skeletogenic cells, when these cells fuse to
form the characteristic ring around the archenteron con-
necting the two clusters on the oral side where spicule
formation is initiated. Similarly, during gastrulation, CyIIa
is transiently expressed in secondary mesenchyme cells
delaminating from the tip of the elongating archenteron,
when they project filopodial extensions in order to move
and establish contacts with the blastocoel roof (Malinda et
al., 1995; Miller et al., 1995).
We reported earlier that a relatively compact 450-bp
cis-regulatory site cluster of the CyIIa gene is minimally
sufficient to recapitulate both the temporal and spatial
patterns of expression of this gene (Arnone et al., 1998). No
0012-1606/01 $35.00
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47Regulators of CyIIa in Sea Urchin Embryosnegative spatial regulators were found in this region, in
contrast with many other sea urchin structural genes, e.g.,
the well-studied Endo16 and CyIIIa genes (Yuh and David-
on, 1996; Yuh et al., 1996, 1998, 2001a; Kirchhamer and
avidson, 1996). These genes function earlier in develop-
ent, during embryonic specification. We concluded (Ar-
one et al., 1998) that the organizational features of the
yIIa control system reflect the role that this gene plays in
he embryonic regulatory process, in that it operates in
lready differentiating cells rather than during blastomere
pecification.
The present study was undertaken to explore the com-
lexity of DNA–protein interactions that occur within the
is-regulatory system of CyIIa, and the effects of these
nteractions on the regulation of CyIIa during development.
o this end, we have exploited both trans- and cis-
egulatory analyses. This approach has been very useful in
he study of the many thoroughly analyzed sea urchin
enes, Endo16 and CyIIIa, leading to the identification and
loning of many of the transcription factors that govern
heir spatially and temporally specific transcription (for a
ecent review on these cis-regulatory systems, see David-
on, 1999). Our aim was to find the minimal elements of
he CyIIa cis-regulatory system required for the activity of
his gene in each of its spatial domains of expression.
lthough a large number of nuclear proteins from blastula-
tage embryos can bind this regulatory region, only a small
ubset of these factors are directly responsible for the
omplex spatial expression pattern of CyIIa gene. We dem-
nstrate that a distinct target site 20 bp in length is
ufficient to reproduce qualitatively both the primary and
he secondary mesenchyme cell-specific expression of the
yIIa gene. This DNA element contains a consensus se-
uence for an ets transcription factor, that apparently also
nteracts with other proteins on the same site.
MATERIALS AND METHODS
Nuclear Extract and Gel Shift Assays
Nuclear extracts were prepared from 24-h embryos as previously
described by Calzone et al. (1991). Protein–DNA complexes were
resolved through gel-shift analysis by using 10% polyacrylamide
(30:0.8 acrylamide:bisacrylamide) gels. The gel-shift assays were
performed as described by Calzone et al. (1988) with the modifica-
tions described by Yuh et al. (1994). Each 10-ml binding reaction
ontained 5 mg of crude nuclear extract, 5 mg poly(dI-dC)/poly-
(dI-dC) duplex, 20 mM Hepes buffer (pH 7.9), 0.75 mM DTT, 57.5
mM KCl, 2.5 mM MgCl2, 0.05 mM EDTA, and 10% glycerol.
bout 105 cpm, or 0.02 pmol, of labeled DNA probe was used per
reaction.
Probe Preparation for Gel Shift Assays
Both oligonucleotide and restriction fragment probes for nested
deletion were labeled with 32P by the end-fill reaction with Esche-
ichia coli Klenow DNA polymerase as described by Yuh et al.
1994). Each nested set of probes was generated through restriction
Copyright © 2001 by Academic Press. All rightnzyme digestion of single end-labeled DNA fragments as previ-
usly described by The´ze´ et al. (1990). Regulatory domain frag-
ents used for probe preparation were obtained from the 4.4-kb
yIIa-GL plasmid described by Arnone et al. (1997).
Embryo Culture, Microinjection, and Microscopy
S. purpuratus embryos were cultured, and DNA was injected
into fertilized eggs as described by McMahon et al. (1985). Prior to
injection, plasmids were linearized at the unique KpnI site located
upstream of cis-regulatory elements. After injection, embryos were
cultured in seawater at 16°C until the desired stage (48 or 72 h
postfertilization), and subsequently collected and directly mounted
on glass slide for GFP analysis. For epifluorescence observations,
embryos were imaged as described by Arnone et al. (1997).
Reporter Gene Constructs
The construct termed B3B2(11)-Ep-GFP, is identical to the
B3B2bEp-GFP construct of previous studies (Arnone et al., 1998).
From this plasmid (see construct number 1 of Fig. 3), by excision of
725 bp of CyIIa regulatory sequence comprised between PstI and
BglII sites, the construct (11)-Ep-GFP (see construct 13 of Fig. 3)
was created. These two plasmids were the source for all the
expression constructs used in this study. The B3(11)-Ep-GFP fusion
construct was generated from B3B2(11)-Ep-GFP by excision of B2
element by using sites DraII and BglII. The GFP constructs num-
bered 3 to 11 in Fig. 3 were created by PCR amplification of the B3
subfragment of interest and its subsequent insertion into plasmid
(11)-Ep-GFP linearized at restriction sites upstream of fragment 11.
Primers were designed with 59 extensions so as to generate a PCR
fragment extending between a PstI and a BglII site. The recipient
plasmid was prepared by digestion of B3B2(11)-Ep-GFP and subse-
quent purification of the large plasmid fragment. Similarly, con-
structs 12 and 14–17 were created by using synthetic oligonucleo-
tides, the sequence of which can be deduced from Table 1, except
for construct 17, which contains a shorter version of the 313 site
(i.e., sequence GAGTATCAACAGGAAGT). Complementary oli-
gonucleotides were synthesized such that an unpaired overhang
was created on either side when a monomer duplex was formed.
These unpaired tags were chosen to be complementary to a cleaved
PstI and BglII site at their 59 and 39 ends, respectively. The resulting
duplexes were then ligated into the linearized form of (11)-Ep-GFP
described above. Construct 18 was generated from plasmid 17 by
insertion of a similar sticky-ended double-strand oligonucleotide
by using KpnI and PstI sites.
RESULTS
Initial Localization of DNA–Protein Interaction in
the CyIIa Regulatory Domain
The complete spatial and temporal control system for
developmental regulation of CyIIa (Arnone et al., 1998)
appears to be contained within a region named B3B2B1,
which extends from bp 2781 to 1125, with reference to the
transcription initiation site (see Fig. 1). In the present study,
we proceeded to map the location of all specific protein-
binding sites in this domain by using blastula-stage nuclear
extracts. To obtain an initial localization and enumeration
s of reproduction in any form reserved.
48 Martin et al.of sites where DNA-binding proteins could interact in vitro
with sequences within the B3B2B1 region of CyIIa, we
adopted a rapid mapping procedure applied previously in
TABLE 1
Oligonucleotides Used for Fine-Scale Mapping of CyIIa Binding Si
Oligonucleotidesa Sequence Positionb
31 (2743, 2720) 5
31A (2687, 2665) 5
31B (2660, 2630) 5
32 (2597, 2574) 5
32A (2597, 2569) 5
33 (2572, 2543) 5
33M1 (2572, 2543) 5
33M2 (2572, 2543) 5
34 (2555, 2530) 5
35 (2535, 2508) 5
36 (2511, 2486) 5
37 (2489, 2461) 5
38 (2466, 2437) 5
39 (2447, 2409) 5
310 (2409, 2389) 5
310A (2416, 2384) 5
311 (2394, 2363) 5
312 (2369, 2340) 5
313 (2347, 2316) 5
Cy313 (2336, 2314) 5
313M (2336, 2314) 5
21 (2309, 2278) 5
22 (2265, 2236) 5
23 (2246, 2220) 5
24 (2225, 2210) 5
25 (2195, 2164) 5
25M (2195, 2164) 5
26 (2171, 2147) 5
27 (2159, 2131) 5
28 (2130, 2102) 5
29 (2108, 277) 5
210 (287, 258) 5
210B (283, 255) 5
11 (259, 235) 5
12 (234, 11) 5
13 (24, 125) 5
14 (121, 149) 5
15 (145, 174) 5
16 (170, 1107) 5
17 (1102, 1124) 5
18 (1113, 1134) 5
a Oligonucleotide identification numbers correspond to site mar
b Position of the oligonucleotide in the upstream CyIIa sequenc
c The sequence corresponds to only one strand of the oligonucleo
phase, such that the nucleotides shown in lower case at the 59 end
the complementary oligonucleotides were constructed in such a fash
at their 59 ends on formation of a monomer duplex. These unpaired
Materials and Methods for details). In some cases (e.g., oligonucleo
case).studies of the CyIIIa (The´ze´ et al., 1990) and Endo16 (Yuh
Copyright © 2001 by Academic Press. All rightet al., 1994) regulatory systems. In this procedure, a set of
nested probes is generated and reacted in probe excess
conditions with proteins from embryo nuclear extracts (see
Sequencec
TTTCATCGCTTCCTCATTTTATC
CCTTTACGAACGCCGAGCTATT
TACATTCACCTCTTATGAATACTGTTATTTC
CTGCCCTACCTAAACAACAGTCA
CTGCCCTACCTAAACAACAGTCATTCATG
CATGCAAATGAAATACAACTATTCGTGACA
ACGTACCATGAAATACAACTATTCGTGACA
CATGCAAATTCCCGACAACTATTCGTGACA
ACTATTCGTGACAGTTGAATGAAATA
GAAATAATTTGTTACGATGCACTT
TTAAACTTTACATAGGCTAGGCTTA
GCTTACGTATCAAATTTCAATATTACGAAAA
CGAAAATGGACCATTTTCTGAATACGCAAC
GCAACTTTTATGGTCTCAATGGAGTAACTCATA
TACGGAACGAGGTGGTACATGG
AACTCATACGGAACGAGGTGGTACATGGGCAAA
ACATGGGCAAACGAACTTCCCTGTAATTGGA
ATTGGGATTACAGTCCAGGGTAAATAGTCC
CAAATAGTCCGGAGTATCAACAGGAAGTAGGTCA
GAGTATCAACAGGAAGTAGGT
GTATCAACAAAGGGTAGGT
CCTGGTGCTTCAGAAGGAAGTCGCCGACAAAA
CACCGAAATGTTTTACACAGTGACTCAGGG
CTGACTCAGGGTAAAAACAGGTCATGA
TCATGAATATTCATAA
ACTCGTACTGCCTTATTAGTGTAACACAAACA
ACTCGTACTGCCTCGCGAGTGTAACACAAACA
CACAAACACGTTTTATGTGTGTAAA
TTATGTGTGTAAAGCACCTCGATGCACGCa
TAAGGCCCGCCCCCGTTATACACCATGTA
CCCATGTACAAACAAAAGCGAAAATGACCATAA
AATGACCATAAAAGGGAATGAGAATGTAAA
ATAAAAGGGAATGAGAATGTAAAAGATCTA
AAGATCTATCACGGAACTAGCAggatcccg
AATATCGATGGTTCGAGCATGATCTGTCACTTGAT
TTGATTTGTCTGCCCCTTAGGATTACATAa
ACATAGGCTCCTGCTTTCCTTTATTCTTC
TCTTCTCAAGGTAAGTCGTGAAATACTTCGa
CTTCGCTATACTACTTCAAATCAGAGTCAAAGGATCTT
GATCTTTTTATTATATTGGCAGT
TATATTGGCAGTACTGCAGACAa
and are listed in 59 to 39 order.
tive to the transcription start site, which is designated as zero.
A complementary strand was synthesized in each case in staggered
re not base paired when a monomer duplex was formed. Likewise,
that a complementary unpaired tag of nucleotides would be present
angs were used for probe labeling by Klenow end-fill reactions (see
11), more bases were added for cloning purposes (shown in lowertes
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-GA
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-acC
9-gcA
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
9-gatc
kers
e rela
tide.
s we
ion
overh
tideMaterials and Methods, and Calzone et al., 1988). The
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49Regulators of CyIIa in Sea Urchin EmbryosB3B2B1 region was subcloned into fragments according to
the restriction map shown in Fig. 1A. Subfragments were
prepared, labeled by the Klenow end-fill reaction, and then
cut with additional restriction enzymes sites for which
were predicted by the DNA sequence. Thus, a nested set of
probe molecules sharing one asymmetrically labeled termi-
nus (see Fig. 1 for details) was generated for each of the
subclones. Each set of probes was incubated with nuclear
extract from 24-h embryos. At this stage, the CyIIa gene has
egun to be expressed in mesenchyme cells (Cox et al.,
986; Arnone et al., 1998). In some cases, reactions were
erformed by using nuclear extracts from 40-h embryos,
hich produced essentially the same results as obtained
ith nuclear extract from blastulae (not shown). It is very
mportant to stress that these gel-shift reactions, and all
hose subsequently considered in this paper, were carried
ut under conditions such that any DNA/protein com-
lexes detected are formed by proteins which possess $104-
fold greater affinity for their specific target sites than for
synthetic double-stranded DNA polymer (Calzone et al.,
1988).
A summary of the nested probe sets and the results
obtained by gel-shift assay is shown in Fig. 1B. Here, the
individual probes are scored as positive (1), if specific gel
shift complexes were observed, and negative (2), if they
were not. About 60 different reactions were carried out,
each of which was repeated two or three times. These
experiments identified the location of binding sites within
regions that range from 20 to 120 bp, depending on the
occurrence of the restriction sites that were used to termi-
nate the probes (see Fig. 1B). Most binding site locations
were confirmed by use of reciprocal probe sets.
This initial mapping study of the 906-bp-long B3B2B1
region of the CyIIa upstream sequence led to the identifi-
cation of eight subregions containing protein-binding sites
(gray boxes in Fig. 1B). These were further analyzed by
oligonucleotide competition.
FIG. 1. Sites of specific DNA/protein interaction in the CyIIa reg
o 1125, with reference to the transcription initiation site (arrow) pr
ndicated by thin vertical lines representing the restriction sites u
eavy solid line representing the DNA, the oligonucleotides used fo
o the subfragment to which they belong (first digit) and their pos
ranscription (second and third digits). (B) Expanded scale version of
s gel-shift probes for rapid mapping procedure. Nested sets of frag
ragments (with respect to the direction of transcription). These lin
estriction sites. Each set of probe fragments was prepared, labeled,
ith proteins present in 24-h nuclear extract are indicated by (1), an
he regions where specific binding was observed and these served
ne scale mapping that are displayed under the heavy line represen
over the junctions within subfragments in regions containing b
eported in Katula et al. (1998). (C) Summary of locations of sites of
orizontal line represents DNA, and the different colors indicat
ligonucleotides, and other symbols are as in (A).
Copyright © 2001 by Academic Press. All rightFine Mapping of Binding Sites Obtained by
Oligonucleotide Competition
In order to sharpen the analysis so that individual inter-
actions, or interactions of sets of very closely apposed
factors, could be characterized, it is useful to bring the map
to a resolution of 20–30 nt (Yuh et al., 1994). Thirty-six
airs of oligonucleotides were constructed, for use as com-
etitors in gel-shift reactions, as required to cover different
verlapping portions of the identified binding regions.
hese oligonucleotides are listed in Table 1, and their
ositions in the sequence are indicated by the short num-
ered lines beneath the maps of Fig. 1. Competitions were
arried out with a 250-fold excess of the double-stranded
ligonucleotides. As examples, three sets of competition
eactions are shown in Fig. 2. Double-strand oligonucleo-
ides competing with given probes for the same protein(s)
ere immediately revealed by this method. For example,
arget sites 31B, 33, 36, and 37 are likely to bind the same
rotein(s) that binds to oligonucleotide 24, which was used
s probe in the experiment shown in the top panel of Fig. 2,
hereas none of the other sites is able to compete with the
inding of this protein to probe 24 under the same condi-
ions. Similarly, probe 17 forms a complex that is efficiently
ompeted only by sites 31, 39, 26, 27, 210, and 17 (Fig. 2,
ower right panel). In other cases, multiple complexes with
ifferent sequence specificity, i.e., displaying different pat-
erns of cross-competition, are formed on the same probe, as
hown for probe 16 in Fig. 2 (lower left panel). Site 16 forms
hree distinct bands, with different electrophoretic mobil-
ty, representing three different binding complexes. One of
hese, Factor CL, interacts also with target sites 37 and 12.
imilarly, Factor CT recognizes a target site shared by
ligonucleotides 32, 25 (not shown), and 14 as well, while
actor A is specifically competed only by the site carried on
robe 16.
Table 2 summarizes the results of a complete set of
ry domain. (A) Restriction map of the CyIIa region from nt 2781
sly denoted as B3B2B1 (Arnone et al., 1998). Subregions of B3B2B1,
or subcloning, are designated by three-character codes. Below the
e mapping are shown as horizontal black bars numbered according
within it, listed in 59 to 39 order with respect to the direction of
in (A), to show specific asymmetrically labeled fragment sets used
s are connected by vertical lines located at the 59 or 39 ends of the
dicate the shared termini which were labeled at the corresponding
ted, and processed together. Probes that formed specific complexes
ose which formed no specific complexes by (2). Gray boxes delimit
rovisional map to design the numbered oligonucleotides used for
the DNA. Note that additional oligonucleotides were designed to
g sites. The complete sequence of the CyIIa region displayed is
rse DNA-binding factors in the CyIIa regulatory domain. The solid
ferent protein factors, from the analysis in Table 3. Subregions,ulato
eviou
sed f
r sit
ition
map
ment
es in
reac
d th
as a p
ting
indin
dive
e difs of reproduction in any form reserved.
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51Regulators of CyIIa in Sea Urchin Embryoscross-competitions performed using the oligonucleotides
listed in Table 1, either as probes or as competitors. Differ-
ent factors are hereby identified by their unique pattern of
gel-shift cross-competitions, and arbitrary names were des-
ignated: single letters, from A to G, were used for factors
binding to sites occurring only once or twice within the
B3B2B1 region; and two letters, CK, CI, CS, CT, CL, CP, for
factors binding to sites occurring three or more times. Since
these binding activities have not been purified, we cannot
estimate how many proteins are present in each specific
complex. We thus preliminarily identified factors by the
complexes they form, each displaying a given gel-shift
pattern, and each characterized by a strong sequence speci-
ficity. Even if the complex is composed of more than one
protein, at this stage it is treated as if it were a single
“factor.” These apparent factors and the target sites to
which they specifically bind are listed in Table 3, where a
tentative target sequence is proposed for each of them. In
some cases, target-site sequences are defined only to the
level of the whole oligonucleotide probe; in some others, a
consensus target sequence can be inferred from the align-
ment and comparison of sequences at all the sites where the
FIG. 2. Examples of cross-competitions amongst CyIIa target sites
reactions summarized in Table 2 are presented. Oligonucleotide com
except the first of each panel, the control, which contained probe o
In each reaction, 0.4 ng of 32P-oligonucleotide probe was incubated
by prior affinity chromatography (Yuh et al., 1994) and 100 ng of c
mg of poly(dI-dC)/poly(dI-dC) (12500-fold molar excess). After 15 m
polyacrylamide gels. When more than one specific complex is form
identified by a unique pattern of cross-competition (compare Table
as that in the lower left panel, between the lanes corresponding to
of the lane corresponding to competitor 15, are gel artifacts.binding activity was detected. c
Copyright © 2001 by Academic Press. All rightThe map in Fig. 1C depicts the data summarized in Table
. Here, the factors binding to the B3B2B1 region are
chematized with symbols of different shapes and colors
istributed throughout the regulatory domain. No obvious
lustering of sites is apparent from this map, in that the
hole region is rather densely packed with specific inter-
ctions. Sites for the most frequently represented factors
K, CI, and CS are scattered throughout.
Five out of the thirteen binding activities found in this
tudy could be tentatively characterized by target se-
uences that bear homology to a widely known consensus
equence or to binding sites present in other S. purpuratus
enes. Factor E specifically binds to two sites, 312 and 13.
he consensus sequence of these two sites includes the core
arget sequence of SpOtx, a sea urchin orthodenticle-related
rotein, which has been involved in control of both Spec2a
nd Endo16 genes (Mao et al., 1994; Gan et al., 1995; Yuh et
l., 1998, 2001b). Factor CK target sites, which are the most
requently represented in B3B2B1 sequence, show consider-
ble homology with a serum response element, SRE. In
articular, site 210, which shows the strongest binding
ffinity among factor CK target sites (data not shown),
complete and two partial series out of the 33 series of competition
itors are shown along the top of each panel (cf. Table 1) for all lanes
(the portion of the gels that contains the free probe is not shown).
5 mg of nuclear extract that has been depleted of SpGCF1 protein
etitor oligonucleotide (250-fold molar excess), in the presence of 5
f incubation on ice, the complexes (arrows) were resolved in 10%
as in the case of probe 16 (lower left panel), the factors which are
Table 3) are also indicated next to the arrow. Vertical stripes such
etitors 12 and 14, and that on the lower right panel, in the middle. One
pet
nly
with
omp
in o
ed,
2 and
compontains a perfect SRE consensus sequence CC(AT)6GG
s of reproduction in any form reserved.
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52 Martin et al.(Treisman, 1992). Putative SRE sites have been identified in
the regulatory sequences of other S. purpuratus cytoskeletal
actin genes (Flytzanis et al., 1989; Ganster et al., 1992;
atula et al., 1998). Although their precise function has not
yet been determined, it is not likely that these SRE sites are
directly involved in spatial control of these differentially
expressed actin genes.
Another binding site represented several times in the
B3B2B1 region is defined by the consensus sequence (A/
TABLE 2
Results of Gel-Shift Cross-Competitionsa
Factor Probe 31b 32b 32A 33b 34 36 37 38 39 310 310A 311b 312
CK 31 1 2 2 1/2 2 2 2 2 1 2 2 2 2
CS 31 1 2 2 2 2 2 2 2 2 2 2 1 2
CP 31A 2 2 2 2 2 2 2 2 2 2 2 2 2
CI 31B 2 2 2 1 2 1 1 2 2 2 2 2 2
CT 32 2 1 1 2 2 2 2 2 2 2 2 2 2
CT 32A 2 1 1 2 2 2 2 2 2 2 2 2 2
CI 33 2 2 2 1 2 1 1 2 2 2 2 2 2
CK 33 1/2 2 2 1 2 2 2 2 1 2 2 2 2
B 34 2 2 2 2 1 2 2 2 2 2 2 2 2
CI 36 2 2 2 1 2 1 1 2 2 2 2 2 2
C 36 2 2 2 2 2 1 2 2 2 2 2 2 2
CI 37 2 2 2 1 2 1 1 2 2 2 2 2 2
CL 37 2 2 2 2 2 2 1 2 2 2 2 2 2
D 38 2 2 2 2 2 2 2 1 2 2 2 2 2
CK 39 1 2 2 1 2 2 2 2 1 2 2 2 2
— 310c 2 2 2 2 2 2 2 2 2 2 2 2 2
— 310Ac 2 2 2 2 2 2 2 2 2 2 2 2 2
CS 311 1 2 2 2 2 2 2 2 2 2 2 1 2
E 312 2 2 2 2 2 2 2 2 2 2 2 2 1
CS 313 1 2 2 2 2 2 2 2 2 2 2 1/2 1
S 21 1 2 2 2 2 2 2 2 2 2 2 1/2 2
22c 2 2 2 2 2 2 2 2 2 2 2 2 2
— 23c 2 2 2 2 2 2 2 2 2 2 2 2 2
CI 24 2 2 2 1 2 1 1 2 2 2 2 2 2
F 25 2 2 2 2 2 2 2 2 2 2 2 2 2
CT 25 2 1/2 2 2 2 2 2 2 2 2 2 2 2
CK 26 1/2 2 2 1 2 2 2 2 1 2 2 2 2
G 27 2 2 2 2 2 2 2 2 2 2 2 2 2
CP 28 2 2 2 2 2 2 2 2 2 2 2 2 2
D 29 2 2 2 2 2 2 2 1 2 2 2 2 2
CK 210 1/2 2 2 1/2 2 2 2 2 1 2 2 2 2
CS 11 1 2 2 2 2 2 2 2 2 2 2 1 2
CL 12 2 2 2 2 2 2 1 2 2 2 2 2 2
E 13 2 2 2 2 2 2 2 2 2 2 2 2 1
CP 13 2 2 2 2 2 2 2 2 2 2 2 2 2
CT 14 2 1/2 2 2 2 2 2 2 2 2 2 2 2
CK 15 1 2 2 1/2 2 2 2 2 1 2 2 2 2
A 16 2 2 2 2 2 2 2 2 2 2 2 2 2
CL 16 2 2 2 2 2 2 1 2 2 2 2 2 2
CT 16 2 1 2 2 2 2 2 2 2 2 2 2 2
CK 17 1/2 2 2 1/2 2 2 2 2 1 2 2 2 2
— 18c 2 2 2 2 2 2 2 2 2 2 2 2 2
a Reactions were scored as positive if competition obliterated at
cross-competition was performed for all oligonucleotides, with the
b Some oligonucleotides were not equally efficient as competito
ecause they bind to the same factor with a lower affinity compa
eaning that competition obiliterated at least 50% but less than
c Some oligonucleotides did not show any binding when tested
complexes detected.T)TGAA(T/A)(A/T) to which factor CI binds (Table 3). p
Copyright © 2001 by Academic Press. All rightAmong these sites, oligonucleotide 24, which contains an
inverted repeat of this consensus sequence (Table 1), has
been shown to share significant homology with a target
sequence contained in module B of the S. purpuratus
Endo16 gene (Yuh et al., 1994). Competition experiments
emonstrated that the same protein binding to module B of
ndo16 gene also binds to site 24 of CyIIa gene with at least
20-fold enhanced affinity (Arnone et al., 1998). Although
he actual nature of the proteins binding to these sites in S.
ompetitor
21 22 23 24 25 26b 27 28 29b 210 11 12 13 14b 15 16 17 18
2 2 2 2 2 1/2 2 2 2 1 2 2 2 2 1 2 1 2
1 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2
2 2 2 2 2 2 2 1 2 2 2 2 1 2 2 2 2 2
2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 1 2 2 2 2 2 2 2 2 1 2 1 2 2
2 2 2 2 1 2 2 2 2 2 2 2 2 1 2 1 2 2
2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 1 2 2 2 1 2 2 2 2 1 2 1 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 1 2 2
2 2 2 2 2 2 2 2 1/2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 1 2 2 2 1 2 2 2 2 1 2 1 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
1 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2
2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2
1 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 1 2 2 2 2 2 2 2 2 1/2 2 1 2 2
2 2 2 2 2 1 2 2 2 1 2 2 2 2 1 2 1 2
2 2 2 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 1 2 2 2 2 1 2 2 2 2 2
2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2 2 2
2 2 2 2 2 1 2 2 2 1 2 2 2 2 1 2 1 2
1 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 1 2 2
2 2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2
2 2 2 2 2 2 2 1 2 2 2 2 1 2 2 2 2 2
2 2 2 2 1 2 2 2 2 2 2 2 2 1 2 1 2 2
2 2 2 2 2 1/2 2 2 2 1 2 2 2 2 1 2 1 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 2 2
2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 1 2 2
2 2 2 2 1 2 2 2 2 2 2 2 2 1 2 1 2 2
2 2 2 2 2 1 2 2 2 1 2 2 2 2 1 2 1 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
90% of the signal in control complex. Note that a complete set of
exception of 31A and 31B, which were tested only as probes.
all reciprocal reactions with respect to a given complex, probably
o the probe site. In these cases, the reaction was scored as (1/2),
of the signal in control complex.
robes. Consequently, they were not able to compete any of theC
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53Regulators of CyIIa in Sea Urchin Embryossequences of this factor, called CI in this work, elsewhere
named as Unique Factor I (Yuh et al., 1994), has been clearly
established to be responsible for directing late endodermal
expression of both Endo16 (Yuh and Davidson, 1996; Yuh et
l., 1996, 2001a) and CyIIa genes (Arnone et al., 1998).
urther evidence of the endoderm-specific role of this factor
n the control of CyIIa gene expression is reported in the
ollowing section.
Similar to CI, Factor CS target sequences are present at
ve scattered regions in the CyIIa regulatory sequence. The
onsensus for this factor (see Table 3) contains the core
equence GGAA, which suggests that CS could be a protein
elated to the Ets-domain transcription factor family (for a
eview, see Sharrocks et al., 1997). The role of these target
ites in the regulation of the CyIIa gene and a more detailed
haracterization of the binding properties of CS are de-
cribed below.
Finally, Factor CP, which binds to at least three degener-
te sites within the B3B2B1 region, shows the typical
el-shift pattern and consensus sequence of a factor binding
o the S. purpuratus CyIIIa (The´ze´ et al., 1990; Zeller et al.,
995a) and Endo16 (Yuh et al., 1994) genes. This protein,
alled SpGCF1, is able to loop cis-regulatory DNA that
ontains multiple target sites for it (Zeller et al., 1995b).
en more putative SpGCF1 target sites are dispersed within
.7 kb of CyIIa regulatory sequence upstream of the B3B2B1
egion. The function of this factor in maintaining the
TABLE 3
Specific DNA-Binding Factors of the CyIIa Regulatory Sequence
Factor
Number
of sitesa Sites where factors bind
A 1 16
B 1 34
C 1 36
D 2 38c 29
E 2 312, 13
F 1 25
G 1 27
CK 7 31, 33, 39, 26, 210, 15, 17
CI 5 31B, 33, 36, 37, 24c
CS 5 31, 311, 313, 21, 11
CT 4 32, 25, 14, 16
CL 3 37, 12, 16
CP 3 31A, 28, 13
a Data from Table 2.
b The site sequence was established from alignment and compar
or unique factors, the site may only be defined to the entire oligo
ith characteristics of a binding site. For instance, the site for facto
ases, the putative site position was confirmed by testing different
or factor F was determined by competition experiments with an o
able 1).
c This CyIIa site contains a homologous repeat of the binding semplitude of expression of the CyIIa gene has been already
Copyright © 2001 by Academic Press. All rightiscussed by Arnone et al. (1998) and will not be further
nalyzed in this study.
Analysis of cis-Regulatory Functions within
the B3 Subregion
Previous studies led to the conclusion that most of the
interactions essential for spatial and temporal control of the
CyIIa gene occur within region B2B1 of the cis-regulatory
system (Arnone et al., 1998; Fig. 1A). This 440-bp-long
region is by itself able to direct expression, if at a reduced
rate, in all the domains of endogenous CyIIa expression: in
ingressing PMC cells at blastula stage, in nascent SMCs at
the archenteron tip during gastrulation, in skeletogenic
cells during their climax phase of spicule secretion, in some
blastocoelar SMCs late in development, in coelomic
pouches, and in midgut and hindgut at pluteus stage.
However, we noted that mesenchyme cell-specific expres-
sion is severely depressed in both skeletogenic cells and
SMCs in gastrulae carrying the B2B1A-GFP fusion con-
structs (27% total expression) as compared to B3B2B1A-
GFP (70% total expression), thus indicating an important
role of B3 in mesenchyme expression (Arnone et al., 1998).
This inference was substantiated when we began to exam-
ine the expression pattern of GFP fusion constructs carrying
nested deletion of the B3 region in the absence of region B2.
As a starting point for these experiments, we used a
chimeric construct, B3B2(11)-Ep-GFP (construct 1 of Fig. 3).
Provisional target site sequencesb
CTTCGCTATACTACTTCAAATCAGAGTCAAAGGATCTTA
CTATTCGTGACAGTTGAATGAAAT
AGGCTAGGCT
C/A)GAAAATG(G/A)
T(G/A)GGATTACA
CTTATTAGTGT
GTGTGTAAAGCACCTCGATGCACGC
TT(T/C)A(T/C)(G/T)
A/T)TGAA(T/A)(A/T)
T/A)N(T/A)NNNGGAA(C/G)(C/T)
TG(A/C)(T/C)(T/C)T
AT(C/A)N(A/T)(A/T)N1–2TTC(G/A)A
G/C)(C/G)CC(C/G)
of sequences at all the sites where binding activity was observed.
otide probe, or the site may be assumed to be localized to an area
as chosen because it contains a direct homologous repeat. In some
tions of the wild-type sequence. For example, the target sequence
ucleotide mutated at the TATT sequence (oligonucleotide 25M of
ce.C
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ligonHere, the Endo16 basal promoter (Yuh and Davidson, 1996)
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54 Martin et al.is substituted for almost all of the B1 element, which
contains the natural CyIIa transcription start site (see map
FIG. 3. Cis-regulatory domain of the CyIIa gene and fusion c
B3B2(11)-Ep-GFP is shown at the top, including the restriction s
Materials and Methods and map in Fig. 1). Colored boxes indicate D
lines. Yellow and red circles represent binding sites for factors CS a
and some of the binding factors identified by fine scale mapping pro
Below this map are depicted all of the expression constructs used
text are given on the right. Names were chosen such that the olig
insertion in the regulatory region, are indicated. The subscript “3” in
within the oligonucleotide reported in parenthesis is present in t
domain that are missing from each construct. Bent arrows denote t
For the definition of Endo16 basal promoter and for the portion of
(1996), Yuh et al. (2001a), and Arnone et al. (1998), respectively.n Fig. 1A). There remains from B1 only a small fragment p
Copyright © 2001 by Academic Press. All rightovered by oligonucleotide 11, which contains a single
arget site for the CS factor (Figs. 1C and 3). The expression
ucts utilized in this study. A map of the chimerical construct
used in assembly of the other reporter gene constructs (also see
equence elements the names of which are shown below solid black
I, respectively. The oligonucleotides used for plasmid construction
re (cf. Table 1 and Fig. 1C) are displayed under the target site map.
is work. The name and number of each construct as referred to in
leotides used for generating nested deletions by PCR, or for direct
structs numbered 15 to 18 indicates that the binding site contained
cate. Dashed black lines indicate the positions of the regulatory
anscription start site contained in the Endo16 basal promoter (Ep).
Endo16 gene included in these constructs, see Yuh and Davidsononstr
ites
NA s
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cedu
in th
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he trattern of this construct (previously named B3B2bEp-GFP;
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55Regulators of CyIIa in Sea Urchin EmbryosArnone et al., 1998) has been already characterized as
dentical, in spatial terms, to that of the complete
3B2B1A-GFP construct, i.e., similar to that of endogenous
yIIa.
To explore cis-regulatory functions within the B3 region,
TABLE 4
Spatial Analysis of GFP Expression Observed in Gastrula and Plut
Construct No. Stagea
Scored
embryosb
Positive:n
(% expre
B3B2(11)-Ep-GFP 1 G 407 191:216
PI 518 230:288
B3(11)-Ep-GFP 2 G 1016 290:726
PI 779 282:497
B3(32)(11)-Ep-GFP 3 G 343 48:295
PI 268 13:255
B3(33)(11)-Ep-GFP 4 G 193 25:168
PI 106 1:105
B3(34)(11)-Ep-GFP 5 G 203 26:177
PI 142 0:142
B3(36)(11)-Ep-GFP 6 G 200 23:177
PI 130 0:130
B3(37)(11)-Ep-GFP 7 G 199 20:179
PI 114 0:114
B3(38)(11)-Ep-GFP 8 G 250 24:226
PI 210 4:206
B3(39)(11)-Ep-GFP 9 G 120 15:105
PI 70 8:62
B3(312)(11)-Ep-GFP 11 G 300 45:255
PI 70 11:59
(313)(11)-Ep-GFP 12 G 150 2:148
PI 100 0:100
(11)-Ep-GFP 13 G 130 0:130
PI 110 0:110
(31L)(313)(11)-Ep-GFP 14 G 230 18:212
PI 250 0:250
(32)3(11)-Ep-GFP 15 G 160 0:160
PI 150 0:150
(343839)3(11)-Ep-GFP 16 G 150 0:150
PI 70 0:70
(313)3(11)-Ep-GFP 17 G 525 141:384
PI 442 101:341
a Gastrulae were collected at 44–48 h postfertilization, and plut
b Values represent data from at least two separate experiments,
c Embryos with more than two fluorescent cells were scored as
d % expression 5 [S positive embryos/S scored embryos] 3 100.
e % territorial expression 5 [S embryos positive in a given territo
than 15%, values were considered too close to background levels to
with less significant figures.
f Ectoderm expression is probably artifactual as it is confined to s
characteristics of unstably incorporated DNA (see Yuh and Davids
g Endoderm expression in these embryos is confined to small clo
transgene in this domain.
Abbreviations: G, gastrula; Pl, pluteus; PMC, primary mesenchye first characterized the expression pattern of B3(11)-Ep-
Copyright © 2001 by Academic Press. All rightGFP. When fragment B2 is deleted from B3B2(11)-Ep-GFP,
the fusion gene (construct 2 in Fig. 3) expresses at lower
level, but still in the proper domains of endogenous CyIIa
expression. That is, this construct is expressed in both
primary and secondary mesenchyme cells at gastrula stage,
tage Embryos
vec
)d
%
Archenteron
tip (SMC)e
% Skeletogenic
mes. (PMC)e
%
Gute
%
Ectoderme,f
) 27.7 66.5 3.7
) 65.7 41.7 0.0
) 48.2 50.3 1.0
) 68.4 37.9g 0.4
) 96 6 0
92 8g 0
) 100 0 0
100 0 0
) 100 0 0
— — —
) 100 0 0
— — —
) 100 0 0
— — —
71 29 0
100 0 0
) 100 0 0
) 100 0 0
) 100 0 0
) 100 0 0
100 0 0
— — —
— — —
— — —
100 0 0
— — —
— — —
— — —
— — —
— — —
) 60.3 39.7 0.0
) 100.0 0.0 0.0
68–72 h postfertilization.
d out on independent batches of eggs.
ive.
positive embryos] 3 100. When total expression levels were lower
aken into account and therefore territorial expression was reported
cells and disappears with advancing age of the embryos; these are
996).
f very few cells; this is probably due to the lower expression of the
ell; SMC, secondary mesenchyme cell.eus-S
egati
ssion
(46.9
(44.4
(28.5
(36.2
(14.0
(4.9)
(13.0
(0.9)
(12.8
(0.0)
(11.5
(0.0)
(10.1
(0.0)
(9.6)
(1.9)
(12.5
(11.4
(15.0
(15.7
(1.3)
(0.0)
(0.0)
(0.0)
(7.8)
(0.0)
(0.0)
(0.0)
(0.0)
(0.0)
(26.9
(22.9
ei at
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posit
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me cand in both skeletogenic and gut cells at pluteus stage
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5FIG. 4. DNA-binding specificity of factor CS toward different Ets target sequences. Gel-shift experiments were performed by using
oligonucleotide probe Cy313 (which is a shorter version of the oligonucleotide 313 used for target site mapping; compare sequences reported
in Table 1 and Fig. 4C) in the presence of 24-h nuclear extract. Binding-reaction conditions were as described for Fig. 2, except for
concentration of the competitors, which were added at 100- or 50-fold molar excess. Competitors and relative concentrations are indicated
along the top of each gel-shift autoradiogram. LMC and HMC stand for low and high mobility complex, respectively, and their relative
electrophoretic mobilities are indicated by arrowheads. (A) Cross-competition among the CyIIa CS sites. Sequences of oligonucleotides
used as competitors are reported in Table 1. 313M contains a mutation that destroys the GGAA core required for Ets binding. (B)
Cross-competition among various Ets binding sites. Competitions were performed with different Ets target sites derived from various
cis-regulatory elements. E74 is derived from the Drosophila E74 promoter (Urness and Thummel, 1990). SM30 and SM50 are
ligonucleotides derived from two sea urchin skeletogenic genes: SM30 is the region from 2138 to 2118 of S. purpuratus SM30 regulatory
equence (Yamasu and Wilt, 1999); SM50, from 2283 to 2253, belongs to the Hemicentrotus pulcherrimus SM50 gene (Kurokawa et al.,
998). HE derives from a region (bp 2261 to 2241) of the regulatory sequence of the gene encoding the hatching enzyme of S. purpuratus
Wei et al., 1999a). H3 is the region from 2100 to 2120 of the histone gene H3 (DiLiberto et al., 1989). PEA3 and PU1 are consensus sites
ecognized by the PEA3 and PU1 class, respectively, of the ets family of transcription factors (Graves and Petersen, 1998). (C) Sequence of
y313 site and Ets competitors used in this study. A consensus sequence is proposed among those sites (sequences included in the box) that
re efficient competitors of both complexes LMC and HMC formed with nuclear extract protein. Underlined in SM50 and HE are those
ases that are unique for HMC-only competitors.
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57Regulators of CyIIa in Sea Urchin Embryos(Table 4). The low expression level is particularly evident in
gut cells where expression is confined to small clones of a
few cells each. Element B2 contains two target sites for
Factor CI, arranged as an inverted homologous repeat (oli-
gonucleotide 24 in Table 1). This target site has been
already shown to be responsible for most of the endodermal
activity of the CyIIa gene: mutation at this site to a
sequence that has no binding activity causes specific failure
of B3B2B1A-GFP expression in the endoderm, though ex-
pression in other domains is unaffected (Arnone et al.,
1998). It is therefore likely that the reduction of gut-specific
activity observed after deletion of the B2 element is due to
the loss of the double CI target site within it. However, this
reduction appears less severe than the one obtained in
previous studies by point mutation (e.g., 38% of plutei
express B3(11)-Ep-GFP in gut versus 11% observed with the
B3B2B1A-GFP point mutation). This less-severe phenotype
could be in part due to batch variability and in part to a
compensation effect from other CI-binding sites contained
in the B3 region (Table 3), which lie in closer proximity to
the Endo16 basal promoter when the B2 element is deleted.
However, none of the four CI sites within the B3 element
contains a double repeat of the ATGAAT core target se-
quence as does site 24 in the B2 element (Tables 1 and 3),
and gel-shift studies demonstrate that all four bind to Factor
CI with a lower affinity as compared to site 24 (not shown).
Deletion of just one of these sites, 31B, the most distal with
respect to the basal promoter (Fig. 3), leads to strong further
reduction of B3(11)-Ep-GFP expression in the gut cells of
pluteus-stage embryos (construct 3 in Table 4). These
experiments provide further evidence that Factor CI is
likely to be solely responsible for the endodermal aspect of
CyIIa gene expression.
B3(11)-Ep-GFP contains information required for spatial
and temporal control of CyIIa in mesenchymal cell types.
To identify the target sites responsible for this activity, we
generated nested deletions of the B3 subregion (constructs 3
to 13 in Fig. 3) using oligonucleotide target sites as 59
FIG. 5. Spatial expression of (313)3(11)-Ep-GFP. GFP fluorescenc
field (gray) exposures. (A–C) Midgastrula stage embryos viewed alo
cells are visible at the tip of the growing archenteron. (D–F) L
animal–vegetal axis so that the oral side faces down (in D and F
mesenchyme cells arranged in the typical ring-shaped configurati
visible, particularly in E and F). (G) Pluteus with oral face facing to
skeletogenic cells located along the spicules. (H) Anal view of anoth
oral surface faces right. Also, here, fluorescence is confined to skel
the right side of the image.
FIG. 6. Spatial expression of (24)3(313)3(11)-Ep-GFP. Fluorescenc
were overexposed in order to detect autoflorescence, which reveals
white dotted line). A line drawing depicting embryo morphology is s
embryo, vegetal pole downward. Fluorescence is observed in seve
themselves in a ring pattern and in cells of the vegetal region which
(B) Gastrula viewed along the animal–vegetal axis. The optical sec
them in focus) at the tip of the archenteron. (C) Lateral view of a e
both skeletogenic (arrowhead) and gut (arrow) cells.
Copyright © 2001 by Academic Press. All righttermini of the deletions (Tables 1–3, and Fig. 1C), and tested
them in vivo. The result of this analysis is reported in Table
4. Mesenchyme-specific expression is strongly depressed, as
is overall activity (14% and 5% of total expressing embryos
at gastrula and pluteus stage, respectively) in construct
B3(32)(11)-Ep-GFP (construct 3 of Fig. 3). Similar low activ-
ity was detected in all the subsequent nested deletions up to
construct (11)-Ep-GFP, which indeed is totally inactive. A
target site missing in all these constructs is element 31 that
binds the CS factor. The following experiments show that
CS target sites suffice to confer both skeletogenic and
secondary mesenchyme cell expression.
A CyIIa cis-Regulatory Element Sufficient for
Mesenchymal Expression
According to their consensus sequence, the target sites
for Factor CS might bind a protein related to the Ets-domain
transcription factor family (Table 3). To examine the role of
each of these elements, we first analyzed the relative
affinities of this factor for the different target sites con-
tained in the CyIIa cis-regulatory system by oligonucleo-
tide competition in gel-shift experiments (Fig. 4A). Probe
Cy313 forms two major complexes with proteins contained
in 24-h nuclear extract, here designated as HMC and LMC,
for high- and low-mobility complex, respectively (lane 1,
Fig. 4A). These complexes all require integrity of the GGAA
core sequence, as would be expected if both complexes
include protein(s) containing an Ets domain. This is dem-
onstrated by failure of oligonucleotide 313M, which con-
tains mutations that abolish this sequence to compete with
the Cy313 probe (lanes 12 and 13 of Fig. 4A). Figure 4A also
shows that none of the CS-binding sites contained in CyIIa
is-regulatory B element bind nuclear proteins of 24-h
mbryos as efficiently as does the Cy313 site (Fig. 4A, lanes
–9). There is, however, a graded response in competition
bility among these oligonucleotides in that sites 11, 31,
nd 21 are better competitors than is site 311, while all of
hown in green in these false color images superimposed to bright
e animal–vegetal axis. Several fluorescent secondary mesenchyme
gastrulae. The embryos have been rotated in the plane of the
in the opposite direction (E), in order to show the skeletogenic
nnecting the two clusters at either side of the archenteron (also
eft, viewed from the anal surface. GFP fluorescence is observed in
uteus, younger than the one showed in (G) and oriented so that the
nic cells, especially visible as clusters at the triradiate spicules on
ages were taken on live embryos at different stages. Photographs
ackground signal the shape of the embryo (also highlighted by the
n below each image. (A) Lateral view of a late mesenchyme blastula
imary mesenchyme cells (arrowhead) on the process of arranging
kely to be secondary mesenchyme in process of ingression (arrows).
shows fluorescent secondary mesenchyme cells (arrow; not all of
pluteus-stage embryo, oral surface facing right, expressing GFP ine is s
ng th
ate
), or
on co
the l
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e im
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59Regulators of CyIIa in Sea Urchin Embryosthem compete to some extent when tested at higher con-
centration (as in the experiments reported in Table 2).
These results were confirmed by reciprocal gel-shift analy-
ses (not shown). They support the view that a major role is
played by elements 313 and 31 in control of mesenchyme
expression, as assessed by GFP expression analysis of the B3
deletions (constructs 3 to 12 of Fig. 3). These all contain
element 11, but lack element 21 of the B2 region.
To test directly the function of CS-binding elements in
ivo, we analyzed the expression pattern of GFP fusion
onstructs in which synthetic oligonucleotides containing
hese sites were placed upstream of the Endo16 basal
romoter (Fig. 3, constructs 14–18). Figure 5 demonstrates
he function of the DNA elements that contain the Cy313
ite: three copies of a portion of the 313 element together
ith element 11 (construct (313)3(11)-Ep-GFP, number 17
of Fig. 3) suffice to drive expression only in the specific
mesenchymal domains where the CyIIa gene is active.
Expression could be detected in secondary mesenchyme
cells delaminating from the tip of the archenteron during
gastrulation (Figs. 5A–5C), and in skeletogenic cells from
the initial phase of spicule secretion (Figs. 5D–5F) to plu-
teus stage, when skeletal rods are already formed (Figs. 5G
and 5H). The endogenous CyIIa gene terminates its skel-
etogenic expression at pluteus stage, but persistence of GFP
produced by these fusion constructs is due to the high
stability of GFP in skeletogenic mesenchyme cells (Arnone
et al., 1997). Note that the level of mesenchymal expression
achieved by this construct, which contains four target sites
for Factor CS, is similar to that observed in embryos
injected with B3(11)-Ep-GFP, which contain the whole B3
fragment (Table 4). The complete spatial pattern of expres-
sion of CyIIa is indeed reproduced by the almost entirely
synthetic construct (24)3(313)3(11)-Ep-GFP (number 18 of
ig. 3), where three copies of the CI-binding site 24, which
n the previous section has been characterized as respon-
ible for expression of CyIIa in the gut, were fused upstream
f the CS-binding sites. Figure 6 shows GFP fluorescence
riven by this construct in both primary and secondary
esenchyme cells at late blastula stage (Fig. 6A), in mes-
nchyme cells delaminating from the tip of the archenteron
t gastrula stage (Fig. 6B), and in both skeletogenic and gut
ells at pluteus stage (Fig. 6C). Different combinations of
ligonucleotides were then generated in order to assess the
inimal number of CS-binding sites necessary to produce
esenchyme-specific expression. As summarized in Table
, the association of two CS-binding sites (construct
313)(11)-Ep-GFP, number 12 of Fig. 3) is not sufficient to
onfer detectable expression, while the fusion of 313 and 31
ogether with 11 [construct (31L)(313)(11)-Ep-GFP, number
14 of Fig. 3] produces little expression in secondary mesen-
chyme cells. In addition, triplicates of other target sites,
such as those binding Factor CT or those binding Factor C,
Factor D, and Factor CK together, are not effective [con-
structs (32)3(11)-Ep-GFP and (343839)3(11)-Ep-GFP, respec-
ively numbers 15 and 16 of Fig. 3]. Finally, combination of
13 and 11 CS target sites together with site 312, which
Copyright © 2001 by Academic Press. All rightould possibly bind to the SpOtx factor, produces signifi-
ant expression in both PMC and secondary mesenchyme
ells [construct B3(312)(11)-Ep-GFP, number 11 of Fig. 3].
his last result may indicate a coactivator role for the
utative SpOtx-binding site with respect to the
esenchyme-specific activity of CS-binding sites.
Taken together, these experiments demonstrate that
omplexes binding to the 313 and 11 target sites are both
ecessary and sufficient to generate mesenchyme-specific
xpression in transgenic embryos. These sites are likely to
ind to specific protein(s) of the ets family of transcription
actors. Further evidence in support of this assignment is
hown by the experiments of Fig. 4B, in which known target
ites for mammalian ets family factors were used as com-
etitors in gel-shift reactions, as well as two sites from the
ea urchin SM30 and SM50 skeletogenic genes that respond
o an Ets class factor (Kurokawa et al., 1999) and a site from
he Hatching Enzyme gene (Wei et al., 1999). Among the
ts-binding sites tested, three types of competitors can be
dentified: those which are able to compete both the HMC
nd, less efficiently, LMC complexes (E74, PEA3, SM30);
hose which only compete HMC (HE and SM50); and those
hich do not compete any Cy313 complex (PU1 and H3).
he binding specificities of SM30, SM50, and HE probes
ompared to Cy313 were confirmed by reverse gel-shift
nalysis with 24-h nuclear extract using these sites as
robes. This experiment (not shown) demonstrated that,
hile the SM30 probe can form both HMC and LMC
omplexes, sites HE and SM50 only form the HMC com-
lex. Figure 4C shows a consensus sequence that can be
rawn from those Ets-binding sites that are able to form the
ighly specific LMC. On the other hand, unique sequence
ositions, underlined in Fig. 4C, can be identified as a
pecific signature for the HMC-only competitors HE and
M50.
DISCUSSION
Defined Sequence Elements that Control the
Complex Expression of the CyIIa Gene
The map in Fig. 1C schematically displays the organiza-
tion of the CyIIa cis-regulatory system in terms of the
DNA–protein interactions that can be detected in vitro by
fine-scale oligonucleotide competition. A total of at least 13
different protein complexes were found to specifically in-
teract at 34 distinct regions, each comprising 10–20 bp in
length. This map could be considered at the same time
either an under- or an over-estimate of the actual complex-
ity of interactions occurring in vivo on the CyIIa cis-
regulatory system during development: first, because Fig.
1C is a static map, in that only the proteins present in 24-h
nuclear extracts were used in our analysis; second, because
the map is given from the genomic point of view (Arnone
and Davidson, 1997), in the sense that it represents a sum of
all the possible interactions that occur in all different
nuclei. The actual nature of most of the transcription
s of reproduction in any form reserved.
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60 Martin et al.factors is of course still unknown, though, as reviewed
elsewhere (Davidson, 2001), the presence of these high-
specificity binding interactions undoubtedly indicates that
they mediate some specific regulatory functions. The re-
sults of the functional analysis performed in this study
show that the overall spatial pattern of expression of the
CyIIa gene is governed mainly by two of these species of
interactions. One element controls expression in both skel-
etogenic and secondary mesenchyme cells. The other is
responsible for the terminal and permanent phase of CyIIa
expression in the gut.
The results reported in Table 4 and Figs. 3 and 4 demon-
strate a major role of sites 31 and 313 in regulating the
mesenchymal expression of the CyIIa gene. Five target sites
for the factor(s) binding to the sequence carried in these
oligonucleotides (Factor CS; Fig. 3) are dispersed in the
B3B2B1 regulatory region, although none of them binds
these proteins as strongly as does the 313 element (Fig. 4A).
This 20-bp element, when placed in triplicate together with
a single copy of site 11 in front of a heterologous basal
promoter, is sufficient to initiate both skeletogenic and
secondary mesenchyme-specific expression (Fig. 5). Ele-
ment 11, which contains the 20 bp immediately upstream
of the CyIIa start site, was previously demonstrated to be
essential to any CyIIa fusion constructs that utilize heter-
ologous basal promoters (Arnone et al., 1998), and therefore
has been included in every expression plasmid used in this
study. The gel-shift experiments summarized in Table 2
demonstrated that this element binds the same protein(s) as
site 313. Although site 11 by itself is not able to drive any
GFP expression [i.e., (11)-Ep-GFP is inactive], it is possible
that its function in the natural regulatory element is to
bring Factor CS and possibly its interactor (see below) into
a proximal position with respect to the transcription start
site.
The DNA element 24 contains two sites, arranged as an
inverted repeat, which bind a protein factor that also binds
at four other sites within the CyIIa regulatory region
(Factor CI; Fig. 3). Previous analyses of mutations at this
double site (Arnone et al., 1998) and deletion experiments
presented in this study (Fig. 3 and Table 4) characterize site
24 as the main player in the endodermal control of the
CyIIa gene. As discussed in our previous study (Arnone et
al., 1998), the protein(s) binding to this element is also the
key regulator of the Endo16 gene late in sea urchin devel-
opment, when only module B is required for the terminal
phase of expression in the midgut (Yuh and Davidson, 1996;
Yuh et al., 2001a). Consistent with the role of this endoder-
mal regulator late in development, synthetic copies of the
high-affinity CyIIa double target site (site 24 of Table 1)
direct strong gut expression in transgenic plutei (Fig. 6C).
Element 24 drives expression in both midgut and hindgut,
the proper domains of CyIIa expression, while the Endo16
gene is expressed only in the midgut of pluteus-stage
embryos. A possible explanation is that the higher affinity
double site present in element 24 of CyIIa permits this gene
to respond to lower concentrations of this endodermal
Copyright © 2001 by Academic Press. All rightfactor which might persist in the hindgut, and to which the
Endo16 B module would be blind. Module B of Endo16
contains a single site with over 20-fold reduced affinity
relative to CyIIa site 24 (Arnone et al., 1998).
The most remarkable feature of the CyIIa cis-regulatory
system is probably the fact that the complex expression
pattern of this gene can be correctly recapitulated by
discrete DNA elements that function in different spatial
domains. The expression pattern of the chimeric construct
generated by combining the endodermal and mesenchymal
elements of the CyIIa gene with a heterologous basal
promoter (Fig. 6), compared to one containing the mesen-
chymal portion alone (Fig. 5), provides direct evidence of
the independence of these elements. In this respect, the
CyIIa cis-regulatory system appears to operate as an inter-
spersed sum of autonomous regulatory elements, which
respond to a few key activators that are presumably present,
or active, only in certain lineages and at certain times.
These properties of the CyIIa gene differ from those de-
scribed for other developmentally regulated structural
genes such as Endo16 (Yuh and Davidson, 1996) and CyIIIa
(Kirchhamer and Davidson, 1996; Davidson, 2001). Each
module of these genes is a complex structure containing
multiple transcription target sites often working in concert
with other modules in a nonadditive manner, particularly
where target site binding repressors are concerned (for
review, see Davidson, 2001). As already discussed in the
previous study (Arnone et al., 1998), this structural differ-
ence, together with the absence of any negative functions as
confirmed by the present study, reflect the particular devel-
opmental mode of gene expression illustrated by CyIIa. The
CyIIa regulatory system does not function during embry-
onic specification as do those that direct CyIIIa and Endo16
gene expression, but rather after that process has been
completed. By this time, a cohort of localized transcrip-
tional regulators has been already presented in particular
regions or cell types of the embryo. In other words, the
simplicity of organization of the CyIIa control system as
described in the present work indicates the position of this
gene in the embryonic gene regulatory network (Arnone
and Davidson, 1997; Davidson, 1999, 2001).
Possible Roles of ets Family of Transcription
Factors in Mesenchyme-Specific Gene Expression
The experiments shown in this study demonstrated that
the CyIIa 313 element is sufficient to correctly reproduce
oth the spatial and the temporal pattern of expression of
he endogenous CyIIa gene. The expression of (313)3(11)-
Ep-GFP transgenes appear to recreate the temporal correla-
tion with the motile phase of mesenchyme cells already
observed for CyIIa gene expression (Cox et al., 1986; Ar-
none et al., 1998). A positive regulator that binds to the 313
element might therefore be synthesized or be specifically
activated in these cells at the morphogenetic onset of
motility.Element 313 contains an Ets-binding site. Gel-shift ex-
s of reproduction in any form reserved.
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61Regulators of CyIIa in Sea Urchin Embryosperiments with 24-h nuclear extracts revealed the presence
of multiple proteins binding to this DNA fragment, in that
two major complexes are formed (named HMC and LMC;
Fig. 4). Many Ets proteins are known to interact with other
transcription factors (e.g., AP-1, SRF, CBF, SP-1, Pax-5) and
it has been postulated that this interaction could expand
the specificity of sequence recognition and functional re-
sponse by enhancing their affinity and/or activity (reviewed
in Graves and Petersen, 1998). It is possible that the low
mobility complex (LMC) formed by 313 site also involves a
partnership of this kind. We know that the LMC complex
contains an Ets protein because formation of the complex is
not competed by an oligonucleotide that has been mutated
at the GGAA core site. This complex is likely to be
responsible for the specific functional activity of element
313 in mesenchyme cells. This follows from analysis of the
relative affinities of the factor(s) present in the nuclear
extract towards the Ets site contained in the SpHE promoter
SpHE is hatching enzyme). This gene is expressed earlier
han is CyIIa and not in mesenchymal or endoderm cells.
he SpHe Ets target site, here referred to as HE, has been
emonstrated to be necessary and sufficient to confer the
onvegetal transcription of SpHE promoter transgenes,
ost likely through the activity of the SpEts4 transcription
actor (Wei et al., 1999a,b). Figure 4B shows that, while the
actor(s) contained in the high mobility complex (HMC)
ind both 313 and HE elements with similar affinity, the
ne(s) contained in the LMC complex discriminates be-
ween the two target sites, in that the 313 element prefer-
ntially competes with LMC. The proteins present in 24-h
uclei evidently include more than a single member of the
ts family. It is unlikely in any case that SpEts4 is the
esenchymal activator of CyIIa, given that transcripts for
his protein disappear after 12 h of development (Wei et al.,
999b; DiLiberto et al., 1989).
Another Ets protein exists in sea urchin embryo that has
een implicated in early mesenchymal gene expression.
his is a homologue of the mammalian ets 1/2 protoonco-
ene that has been cloned from both S. purpuratus (SpEts;
hen et al., 1988) and Hemicentrotus pulcherrimus (HpEts;
urokawa et al., 1999). Overexpression of HpEts protein by
RNA injection, on the one hand, or of a dominant
egative DHpEts, on the other, suggested a role of this gene
n skeletogenic cell differentiation, and particularly in the
xpression of the spicule matrix specific gene SM50 (Kuro-
awa et al., 1999). However, neither the putative Ets target
ite contained in the SM50 cis-regulatory system, nor the
ona fide SpEts target site 59/60 found in the early histone
3 promoter (here named H3; Wei et al., 1999a,b) are good
ompetitors of both the HMC and LMC formed on the
y313 probe (Fig. 4B). Thus, we believe that none of the ets
ranscription factors so far cloned in the sea urchin is a good
andidate for the Ets component that regulates mesenchy-
al CyIIa transcription. The consensus sequence proposed
n Fig. 4C may react with a yet unknown sea urchin Ets
rotein, which is specifically expressed and/or activated in
Copyright © 2001 by Academic Press. All rightesenchyme cells only at certain times of their develop-
ent, following specification.
Evolutionary Implications of a Pan-Mesodermal
Regulator
A remarkable feature of the functional activity of the
CyIIa element 313 is that its transcriptional activity does
not discriminate between primary and secondary mesen-
chyme cells (Fig. 5). This is particularly interesting if we
consider that these cells are diverse with respect to both
their lineage and specification process (for a recent review,
see Davidson et al., 1998). However, the fact that these cells
hare a common program of gene expression does not
urprise, since the expression of the CyIIa coincides with
the times when both kinds of mesenchymal cells need to
extend filopodia in order to move or establish contacts. The
results presented in this work offer a simple molecular
explanation for this common gene regulatory function: both
these groups of cells, at a certain point in their otherwise
diverse processes of differentiation, produce or specifically
activate the same Ets transcription factor (and/or an Ets
cofactor). It has been proposed that the ancestral echinoid
stock, which gave rise to all extant sea urchin species, did
not have a true primary mesenchyme (Raff and Kaufman,
1983). Mesenchyme cells were most probably released in a
single burst at the midgastrula stage, some of them produc-
ing the skeleton, as occurs in modern cidaroid urchins.
Cidaroids are considered primitive in the sense that they
most closely resemble the ancestral echinoid which sur-
vived the Permian extinction (Smith, 1984). In this view,
the common program of gene expression shared by primary
and secondary mesenchyme cells could be reminiscent of
the primordial common origin of all mesodermal cell types
in echinoids.
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